The extent to which the apparent increase in wildfire incidence and burn area in California from 1990 to 2006 is affected by population and temperature increases is examined. Using generalized linear models with random effects, we focus on the estimated impacts of increases in mean daily temperatures and populations in different counties on wildfire in those counties, after essentially controlling for the overall differences between counties in their overall mean temperatures and populations. We find that temperature increase appears to have a significant positive impact on both total burn area and number of observed wildfires. Population growth appears to have a much less pronounced impact on total burn area than do annual temperature increases, and population growth appears to be negatively correlated with the total number of observed wildfires. These effects are especially pronounced in the winter season and in Southern California counties.
Poisson GLM Models
Overdispersion is frequently a concern when fitting data with Poisson models. The burn area data does exhibit this problem, having a variance considerably higher than the mean. To account for the overdispersion present in monthly burn area, we fit a model containing an observation-level random effect term (Elston et al. 2001 ). These considerations suggest models of the form:
and
where Y and Z denote the total area burned and number of observed wildfires, respectively, index i represents the county, index j represents the month and k the year in consideration, P denotes population and T is temperature. Parameters µ 1i and µ 2i represent the baseline for the mean number of wildfires and total area burned for county i across all months, respectively, parameters ν 1j and ν 2j
represent the baseline for the mean number of wildfires and total area burned for month j, while α 1 and α 2 denote the estimated coefficients for population increase, and β 1 and β 2 the estimated coefficients corresponding to temperature increases.
The observation-level random effect term given to each data point is denoted τ . Models 2.1 and 2.2 allow us to focus on temperature increases and population growth within each county and the effect of these changes on wildfire incidence and total area burned, while essentially controlling for the differences in overall population and mean temperature between counties and months.
Models 2.1 and 2.2 were initially fit using data from all seasons, for each county-year, leaving out the random effects for months. However, a problem with this is that a particularly cold winter could average out an exceptionally hot summer in a given county and thus the effects of temperature changes on our response variables would be masked. To account for this, we added random effect terms for month, ν 1j and ν 2j , and fit the models 2. Each county-month has its own background rate of total area burned or number of fires estimated in the models. Table 2 .1: RMS of within-county differences, between one month and the next, of the covariates used to fit models 2.1 and 2.2, using various subsets of the dataset.
constrained to be the same across all counties, are influenced then by changes in population and temperature within a county. After both population and temperature have been standardized (converted to z-scores), the parameters are also in standard units. Table 2 .1 shows the root mean square (RMS) of the county-wide month-to-month variations in the covariates in each subset of the data being analyzed. Thus, for instance, the size of a typical increase in population from one year to the next is 11,644 for the southern counties, and roughly 2,000 for the coastal and inland counties. The population data for each county is annual, and thus the RMS of the population changes from one year to another are identical to 3813 for each of the seasonal subsets. We fit all of our models by Laplace approximation using R software (2013).
A mapping of California wildfires (Figure 2. 3) suggests a possible grouping of counties for an improved spatial analysis. We thus also re-fit models 2.1 and 2.2 using only subsets of the data, such as data from all counties but only in fall, or data from the entire year but only for coastal counties, etc. wildfires/100,000 increase in population(0.013) 0.063 wildfires/
Random Effect of County

Entire Year and All Counties
• C (0.003) Table 3 .1: Estimated coefficients in models 2.1 and 2.2, using data from all counties and months. Standard errors in parentheses. Coefficients in bold are significant at the 0.10 level. All models in this paper fit using the "glmer" function in the "lme4" package in R. Table 3 .2 shows the coefficients for our models fitting the data split according to wildfire seasons. These models do not contain the monthly random effect term seen in models 2.1 and 2.2, and instead are of the form:
Temporally Grouped Data
where parameters µ, τ , α and β are defined as in models 2.1 and 2.2. With this temporally focused analysis we see that, as in the entire-year fits of models 2.1 and 2.2 from Table 2 , temperature increases are associated with increases in both total area burned and fire frequency. Population increases, however, are associated with decreases in the number of observed wildfires in a county. Our discussion thus shifts to the seasonal variation in effect size between temperature and population.
The fits for model 3.1 in Table 3 .2 show that the increases in total area burned attributable to population increases are most evident in the active summer season, less so in the intense fall season and considerably less substantial in the dormant winter season. Somewhat surprisingly, it is the warm summer season's total area burned and number of wildfires that appears to be least affected by changes in temperature. In the fit for summer, one sees a 37.6% increase in burn area corresponding to a 1 RMS (1.52
• C) increase in temperature, which is considerably lower than the 54.4% and 89.2% increases in burn area corresponding to comparable temperature changes in winter and fall, respectively. In terms of wildfire activity, this same 1 RMS increase in temperature is associated with a 7.5% increase in number of fires, which is again less than is seen in winter and fall, with changes of 23.9% and 20.0%, respectively.
It is worthwhile to note that fall has the highest variability in temperature of the three seasons (1 RMS is 2.82 • C); if instead of a 1 RMS increase we consider a 1 • C increase in temperature for each season, the fitted seasonal model parameters from Table 3 Table 3 .3: Coefficients for models fit using spatially split data. Divided into coastal, inland, and southern California regions, as shown in Figure 4 . Standard errors in parentheses. Coefficients in bold are significant at the 0.10 level.
Considering now changes in population, total area burned in summer and number of fires in winter are the most significantly affected. The effect of population is not as pronounced as that of temperature, but is present, and appears to follow a pattern qualitatively similar to that for the entire year; population increases are associated with increases in area burned, but a decrease in fires ignited. In summer, a 1 RMS change in population corresponds to a 0.8% increase in total burn area, yet a not statistically significant 0.04% decrease in number of fires. The same population increase (3,813 people) in winter corresponds to a 0.2% decrease in wildfire activity. Coefficients for the spatially grouped data can be seen in Table 3 .3. The fits to model 2.1 indicate that population increases have their strongest effect in the southern region, where a typical population change of 11,644 people results in a 0.85% decrease in both total monthly area burned and number of wildfires. Population's effect is only significant in the southern region, and then only for number of fires. As in the entire-state analysis (Table 3 .1) and the temporally divided analysis (Table 3. 2), population increases appear to be associated with decreases in observed wildfire frequency, while temperature increases are associated with increases in fire activity in all three regions.
Spatially Grouped Data
Temperature increases, meanwhile, are significant across all regions and for both burn area and wildfire frequency. Temperature's effect is most strongly seen in the inland region, where a 1 RMS increase in temperature is associated with a 111% increase in wildfire activity, whereas a comparable change in the southern and coastal regions produce 48% and 54% increases respectively. A similar trend is seen for total area burned, where comparable temperature changes affect the inland region approximately 4 times as much as either the coastal or southern regions. , binned by population and temperature respectively, observed monthly total area burned with fitted monthly total area burned (c,d), binned by population and temperature respectively, and observed monthly number of wildfires with fitted monthly number of wildfires (e,f ), binned by changes in population and changes in temperature, respectively. The bin sizes were determined so that each bin has the same number of points, resulting in different ranges for each bin. 15 bins were used for each plot. 95% confidence intervals shown for each point.
As discussed earlier, the coefficients in the models are influenced by changes in population and temperature. Thus, we can also check the model with binned plot where we are not simply binning by temperature or population, but by the change in each of those variables from the year 1990 to any given year. Figures 4.1e and 4.1f show these plots and in both cases we do see a linear structure indicating rather satisfactory fit overall.
Discussion
The random effect Poisson regression models for total area burned and total number of observed wildfires as functions of county-wide temperature increases and population increases suggest that temperature increases are positively associated with both total area burned and number of observed wildfires, which is not surprising. The models suggest that far more of the variation in area burned and number of wildfires may be attributable to changes in temperature than to changes in population, especially in the coastal and inland counties. The variability in these effects between spatial locations is extremely pronounced. This is most clearly seen in differences between the fitted models for the coastal and southern California regions, where population growth and temperature appear to exhibit nearly opposite effects on total burn area and fire frequency.
It is important to note that the observations here are only for the time span 
